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1.0 ABSTRACT

Experimental methods have been developed to determine the dielectric

properties of candidate radome materials at 35 and 94 GHz for temperatures up to

1700°C. Measurements have been carried out on fused silica, single crystal

sapphire, hot-pressed silicon nitride, beryllium oxide, and boron nitride as a

function of temperature, composition and manufacturing procedures. Dielectric

characterization data are presented in tabular and graphic forms to provide the

necessary data base for evaluation of millimeter wave transmission properties of

these materials in radome applications.

The dielectric constants for these materials were found to be essen-

tially independent of frequency in this region, with the loss tangents showing

an increase by a factor of 2 to 4 at 94 GHz as compared to their values at 35

GHz. The observed temperature dependence of the dielectric properties indicated

that significant transmission loss would occur at temperatures in excess of

10000C for all of the ceramic materials studied.

The data obtained for hot-pressed silicon nitride strongly suggest that

the observed dielectric properties are controlled by the presence and con-

centration of sintering aids and impurities and by microstructural properties.

Potential approaches for materials improvement in terms of dielectric properties

are identified for extending the useful temperature range of hot-pressed silicon

nitride as millimeter wave radome materials.

C3414A/Jbs
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2.0 SUMMARY

This report presents the results obtained from the study program, "High

Temperature Millimeter Wave Characterization of the Dielectric Properties of Ad-

vanced Window Materials," AMMRC Contract No. DAAGAG-79-C-0077 covering the
period 09/01/79 through 01/21/81. The long range goals of this program are to
develop advanced methodology and instrumentation for determining the millimeter
wave dielectric properties of candidate radome materials as a function of tem-
perature and to determine the fundamental physical and chemical mechanisms con-

trolling the dielectric constant and loss tangent in these materials. These
candidate materials were selected to meet specific transmission as well as
mechanical and thermal requirements for millimeter wave seeker window applica-

tions. The effort includes: development of methods for 35 GHz and 94 GHz
measurements of dielectric properties in materials at temperatures up to 2000'C;
generation of a dielectric properties data base for existing and advanced

candidate materials; evaluation of these results in terms of missile sensor
requirements in order to establish the design criteria and materials limitations

in specific applications; and correlation of the observed dielectric properties

with materials parameters. The results from the program will also facilitate
new materials development by providing insight into the dependence of dielectric
properties with the chemical and microstructural properties of these materials.

Such understanding would allow simultaneous optimization of structural, thermal,
and electromagnetic properties through control of materials parameters in order
to arrive at the best overall performance for a given application.

In Phase I of the effort, covering the period of performance from
09/01/79 through 06/30/80, development of cavity spectrometer systems at 35 and
94 GHz was completed and calibration of these systems with high purity fused
silica samples was successfully carried out at temperatures up to 17000C. In
addition, preliminary studies of the dielectric properties of various hot-
pressed BN, Si3N4 and BeO were carried out at temperatures up to 12000C, and
analysis were performed to determine the required dielectric properties of the
window material in terms of reflection and transmission properties for the

* normal incidence n-half wavelength window configurations. These results,

2, i C3414A/Jbs
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together with a detailed description of the experimental apparatus and methods

have been reported in the interim final report, SC5235.5IRD dated February

1981. (1)

In Phase II of the effort, the following tasks have been completed:

a) Temperature studies of the dielectric properties of single crystal

sapphire up to 17000C.

b) Temperature studies of the dielectric properties of hot-pressed

BN, BeO, and Si3N4 for various compositions and manufacturing

procedures up to 1500 0C at 35 GHz and 12000C at 94 GHz.

c) Anisotropy studies of the dielectric properties of hot-pressed

Sl3N4.

d) Thermal cycling and surface contamination studies in select

samples.

e) Correlation of dielectric properties of hot-pressed Si3N4 with

composition and manufacturing process and identification of

possible procedures for improvements in terms of lower absorption

as well as reduced temperature dependence of its dielectric

properties.

3
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3.0 EXPERIMENTAL METHOD

The general procedures developed for measuring the dielectric proper-

ties of rod shaped samples inserted in a millimeter wave resonant cavity, as

well as those for planar disk samples using a free-wave transmission and reflec-

tion method, have been described in detail in the previous report.(1) They will

be summarized here for illustrative purposes.

3.1 Room Temperature Absolute Measurements

The cavity spectrometer systems are calibrated with high purity fused

silica and single crystal sapphire samples by carefully studying their response

(resonant frequency and quality factor Q) as a function of sample size and depth

of insertion. The dielectric constants were computed from the theoretical

small-sample cavity perturbation expression,

k = 1 + A(Af/f )(Vo /VS) (1)

where k is the dielectric constant, Af is the absolute magnitude of the resonant

frequency shift from that for the empty cavity (fo), Vo and Vs are the cavity

volume and sample volume respectively, and A is a coefficient which depends on

the electric and magnetic field configurations and the relative position of the

sample within the cavity. The validity of the above expression Is established

by measuring Af as a function of sample size. As Vs is decreased, the ratio of

the observed normalized frequency shift (Af/Vs) becomes constant, and this

limiting value for k is the true dielectric constant of the material studied.

The observed variations In the ratio (Af/Vs) can be used to generate a correc-

tion curve so that the true value of k can be obtained for any given sample size

over this calibration range.

In a similar manner, the dielectric loss of the sample is measured by

observing the change in quality factor Q of the cavity system and using the

corresponding theoretical expression,

A I I (Vo/ (2)

o 4
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where Q' and Qo are the quality factor of the cavity with and without the

sample, respectively.

This expression can be combined with Eq. (1) to give,

f,,= 0 1' 10

- ) (k - 1) , (3)

and the loss tangent can then be written as

f

tan 6= - (11 ( 1) (4)

The results obtained for the reference standards were further verified

by a second independent method utilizing a plane parallel disk sample which is

placed between a transmission and a receiving horn. By measuring the transmis-

sion and reflection coefficient at a given angle of incidence, k and tan 6 can

be calculated in a straightforward manner.

After the reference samples have been characterized, measurements are

then carried out on other samples to determine the parameters (Af/Vs). Direct

comparisons of these values with those obtained for the reference samples via

the expression,

(ksample-1)/(kreference-1) = (Af/Vs)sample/(Af/VsOreference  (5)

give the dielectric constants for the unknown samples.

Typical experimental results of the observed variation of the cavity

resonant frequency in the 35 GHz system caused by the introduction of a 0.030"

diameter hot-pressed Si3N4 sample are shown in Fig. 1. The total frequency

shift Af corresponding to the case where the sample is placed entirely through

the cavity, as well as the slope in the linear region of the response curve, are

directly proportional to the sample volume. The value for k obtained by

comparing either of these two quantities with the corresponding values obtained

for the reference samples agreed to within 0.5%, indicating excellent self-

consistency for the measurement method used.

5
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The loss tangents of the samples are determined by measuring the
quantity (1/Q' - 1/Qo). These values when substituted into Eq. (4) then give

the desired loss tangent for the sample.

3.2 Temperature Studies

The samples are heated in-situ, using tungsten filaments placed around

the portion of the sample protruding from the cavity volume. The millimeter

wave cavity systems are placed inside vacuum enclosures with viewing ports which

allow observations of the samples in three directions with a visible spectra

micro-optical pyrometer and an infrared pyrometer which have been calibrated for

each sample material by using a known standard thermocouple and a separate heat-
ing oven. The vacuum enclosures are evacuated and filled with a reducing gas

mixture (6% H2 in N2) to prevent oxidation of the tungsten heating elements at

high temperatures. The cavity structures are maintained at near room tempera-

ture during sample heating with a circulating water system which minimizes the

changes in the cavity response caused by temperature fluctuations.

The variation in the dielectric properties of the samples as a function

of temperature is determined by measuring the relative changes in the cavity
resporse from those observed at room temperature. The dielectric constants and

loss tangents of the samples are calculated from the expressions,

(kT-l)/(kR-) = (AfT/AfR) (6)

C/€ = [I/QT- 1/Qo]/[I/Q - I/Q0o

where kR, kT, T. are the values for the dielectric constant and dielectric

loss at room temperature and at temperature T, and AfR9 AfT, Qi, Qi, are the
observed frequency shifts and the quality factors of the cavity with the sample

in place at room temperature and at temperature T, and Qo is the quality factor

of the empty cavity.

A typical set of data obtained by heating an 0.030" diameter BeO sample

placed in the 35 GHz cavity system is shown in Fig. 2. The observed frequency

shift of the cavity resonance at room temperature for this sample is 525.1 MHz.

7
C3414A/jbs
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Upon heating, the resonant frequency shifts to a lower value and is accompanied
by a broadening of the cavity response, indicating an increase in the sample

dielectric constant and loss tangent with temperature. Computation of these

changes relative to the values at room temperature allow determinatin of the
dielectric properties of the sample as a function of temperature.

9
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4.0 MEASUREMENT ACCURACY AND SOURCES OF ERRORS

4.1 Measurement Accuracy

The observed reproducibility of the measurement results at 35 and 94

GHz are given in Table I. For the dielectric constant measurement, the

resolution in the resonant frequency determinations are sufficiently high that

the overall accuracy is primarily limited by other sources of errors, such as

sample alignment and sample size. For instance, the quoted differences in

accuracy for the 0.020" and 0.030" sample diameter cases are almost entirely due

to the uncertainties in the sample diameter measurements.

TABLE I

SUMMARY OF MEASUREMENT ACCURACY

35 GHz 94 GHz

Dielectric Constant Measurements

Reproducibility on a given sample ± 0.5% ± 1%
Average over 5 samples (0.030") ± 1.4% ± 1.8%
Average over 5 samples (0.020") ± 1.8% ± 2.3%

Loss Tangent Measurements

Typical Reproducibility ± 5% ± 10%
Average over 5 fused silica samples ± 0.0001 ± 0.0003

The loss tangent measurement accuracy can generally be optimized by

choosing sample sizes which give a change in the Q of the cavity by approxi-

mately a factor of 2. Under these circumstances, the reproducibility observed

for a given sample is of the order of 2% at 35 GHz and 5% at 94 GHz, with an

absolute detection limit of ±0.0001 at 35 GHz and ±0.0003 at 94 GHz. Typical

accuracy over the entire range of observed values for the loss tangent are some-
what lower than these estimates due to the presence of systematic errors in ab-

solute microwave power measurements, sample size, sample alignment, and sample
temperature uncertainties. Consequently, the overall accuracy is conservatively

taken to be t5% at 35 GHz and *10% at 94 GHz, respectively.

10
C3414A/jbs
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4.2 Systematic Errors Caused by Sample Heating 
C251F

The three primary systematic sources of errors in the measurements

cauesd by sample heating are:

a. Change in cavity characteristics caused by the residual increase

in cavity wall temperature as a consequence of sample heating.

b. Temperature gradient in sample.

C. Thermal expansion of the sample during the heating cycle.

Since the temperature of the cavity structure cannot be held rigorously

constant during a sample heating cycle, the resonant frequency as well as the
quality factor of the empty cavity will change as a function of sample

temperature. Consequently, these changes need to be taken Into account when the

measured dielectric properties are computed via Eq. (6). The observed cavity

temperature change as a function of approximate sample temperature is shown in

Fig. 3. The increase in cavity temperature varies approximately as the square
of the sample temperature and is of the order of +40C and +160C at sample

temperatures of 8000C and 16000C respectively. The observed cavity resonant

frequency change as a function of cavity temperature is also shown in the

figure; these are approximately -2 Miz and -8 MHz at sample temperatures of
8000C and 16000C. Since the typical measured values of Af in Eq. (6) are of the
order of several hundred megacycles, these corrections are at most a few percent
and can be accounted for to within 0.1 to 0.2 percent by monitoring the cavity

wall temperature during each temperature run. A similar study of the change in

quality factor of the empty cavity as a function of cavity temperature was also

performed and showed that corrections with accuracy of the order of a few tenths

of percent can be made over the entire temperature range. Consequently, the

errors introduced in the dielectric constant and loss tangent measurements by

this effect are essentially negligible when compared to the experimental

accuracies stated in Table 1.

11
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Since the samples are heated only at the ends rather than uniformally

throughout, substantial temperature gradients can occur, particularly at high

temperatures. The measured temperature gradient as a function of the observed

temperature at the center of the sample is shown in Fig. 4. At high sample tem-

peratures, the observed gradients are approximately linear with the temperature

measured at the center of the sample and have magnitudes on the order of *700C

and t1500C at 1000 0C and 16000C, respectively. Although these gradients appear

to be quite large in terms of absolute values, they are not significant in terms

of their influence on the measurement accuracy of the dielectric constant. This

is due to the fact that the temperature dependence of the dielectric constants

for all of the samples studied in this program are rather small. With the ex-

ception of single crystal sapphire and hot pressed BeO, which showed an increase

in k by approximately 20% from 250C to 16000C, the variations observed are

typically less than 10% over this temperature range. In addition, these changes

are fairly gradual so that over any given temperature interval of the order of

2000C, the variation of k with temperature is essentially linear. Consequently,

the measured k as deduced via Eq. (6) is properly weighted and corresponds to

the correct value for the average temperature of the samples. Therefore, the

uncertainty introduced by these gradients is at most of the order of a few

tenths of a percent.

Although the measured loss tangents are strong functions of temperature

for the hot-pressed ceramic samples, their behavior showed two fairly linear

response regions with a sharply varying transition region occurring in the

temperature interval from 700°C to 1100°C. Over the linear portions of these

curves, Eq. (6) gives the proper average values so that the effects caused by

the temperature gradients in the samples are automatically accounted for. In

the transition region, the non-linearity of the loss tangent with temperature

could cause significant errors in the measurements. Depending on how fast the

slopes are changing, errors upward of several percent could result; this is the

primary reason for quoting an overall error in Table I which is twice that for

the observed reproducibility in the microwave measurement of the loss tangent

measurements.

*' 1 13
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The third source of measurement error caused by sample heating is that

associated with thermal expansion of the sample during the heating cycle. For

the 35 GHz measurements, where the sample is placed entirely through the cavity,

this effect is expected to be negligible since the total mass of the sample

contained within the cavity volume is essentially constant as a function of

temperature. Consequently, corrections need not be applied to deduce the true

value of k or loss tangent at a given temperature. For the 94 GHz measurements,

where the geometry of the system restricts the placement of the sample to only

partially contained within the cavity volume, thermal expansion in the linear

dimension of the rod shaped samples causes additional mass to be introduced into

the cavity. Consequently, the sample volume term (Vs) in Eq. (5) is no longer

constant as a function of temperature, and the measurements of Af and Q' need to

be corrected for sample size changes at each temperature of observation. For

those cases where the thermal expansion coefficients of the samples are less

than 10" 6/OC (fused silica, single crystal sapphire), the change in the length
of sample contained within the cavity volume is only of the order of 0.2% or

less at temperatures up to 20000 C. Since the observables used to deduce the

dielectric properties (Af and Q) are linear functions of the sample length, this

value corresponds to an error in the measured changes in dielectric properties

(ac'/OT, he"/aT) as a function of temperature of 0.2%. Consequently, the errors

introduced for these low expansion coefficient samples are negligible in the

determination of both k and the loss tangent of the samples at high tempera-

tures. For samples with thermal expansion coefficients of the order of 10"5/OC

or larger, these errors exceed several percent, and therefore need to be cor-

rected for. Since the thermal expansion coefficients for the ceramic samples

are generally not accurately known over the wide temperature range of this

study, experiments were carried out to generate the necessary coefficients for

each sample type to correct the observed data at 94 GHz. This is accomplished

by inserting the samples partially Into the 35 GHz cavity and observing the
resulting change in the cavity resonant frequency shift as a function of sample

temperature. The ratio of the frequency shift at temperature a, to that

observed at temperature b, can then be expressed as,

15
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(Af)a/(Af)b - (ka-')/(kb-1) + (e /t) (7)

where ka and kb are the dielectric constants at temperatures a and b previously

determined with the sample placed entirely through the cavity, and AX/I is the

fractional change in sample length caused by thermal expansion.

The values for (At/x) determined by this method is then subtracted from

the frequency ratio (Af)a/(Af)b measured at 94 GHz in order to compute the

dielectric constant ratio (ka-l)/(kb-1) at the two temperatures a and b.

16
C3414A/Jbs
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5.0 ROOM TEMPERATURE RESULTS

5.1 Reference Standards

The results obtained at room temperature (220C) for the dielectric

properties of high purity fused silica (Dynasil 4000) and single crystal

sapphire (Tyco Sapphicon) at two different crystal orientations with respect to

the electric field are shown in Table Il. The dielectric properties were

measured by both the cavity perturbation and by the free-space transmission and

reflection methods. For the cavity perturbation method, samples varying in

diameter from 0.010" to 0.060" with three to five samples at each diameter were

used. For the free space method, planar circular disk samples 3" in diameter

with thicknesses ranging from 1/8" to 1/2" were used. The agreements in the

measured results were found to be consistent with the experimental errors given

in Table I. The dielectric constants of the samples are essentialy independent

of frequency to within the experimental error between 35 GHz and 94 GHz, while

the loss tangents increased by approximately a factor to 2.

The measured dielectric properties for Dynasil 4000 at 35 GHz are in

excellent agreement with the values reported by Westphal(2) over the same

frequency region. The dielectric constants obtained for single crystal sapphire

are in good agreement with the values reported by Westphal and Sils( 3) at 8.5

GHz, while the loss tangents are substantially higher than the reported value

for high-purity (Union Carbide) samples. They are, however, in general

agreement with the values measured by these same authors for Linde Air Product

single crystal sapphire samples.

5.2 Hot-Pressed Boron Nitride and Beryllium Oxide

Boron nitride samples were obtained from Carborundum Co. (Grade HP) and

Union Carbide (Grade HBC) and machined into cylindrical rods of approximately 1"

in length and 0.030" to 0.040" in diameter. For both cases, the axes of the

rod-shaped samples were along the direction of the pressing axis so that when

placed inside the cavity resonators, the electric fields were oriented parallel

to the pressing axis. The density of the Carborundum HP samples were found to

17
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TABLE II

MEASURED ROOM TEMPERATURE DIELECTRIC PROPERTIES OF
REFERENCE STANDARDS

35 GHz 94 GHz

Sample Density K Tan 6 K Tan 6

Dynasil 4000 2.195 3.82 0.0004 3.78 0.0006

Sapphire, Optical
Axis at 00 to E field 3.97 11.72 0.0043 11.63 0.0088

Sapphire, Optical
Axis at 600 to E field 3.94 9.81 0.0066 9.67 0.012

be slightly less than that for the Union Carbide HBC samples, and a correspond-

ing difference of approximately 5% in the dielectric constants was observed.

The loss tangents, however, differed by a factor of 4, with the Union Carbide

sample showing a lower value. As in the previous case for the reference

standards, the dielectric constants were essentially independent of frequency

between 35 GHz and 94 GHz. However, the loss tangents showed an increase by a

factor of 2 to 3.

The beryllium oxide samples used in this study were obtained from the

National Beryllia Company (K150) and from Ceradyne Corp. (418S). The samples

used were 0.030" in diameter. The measured dielectric properties were almost

identical at the two frequencies of observation, with the loss tangents showing

an increase of a factor of 3 between 35 GHz and 94 GHz.

The data obtained for hot-pressed boron nitride and beryllium oxide at

room temperature are shown in Table 11.

5.3 Hot-Pressed Silicon Nitride

The room temperature dielectric properties of hot-pressed silicon

nitride were studied as a function of sample composition, different fabrication

procedures, and orientation of sample pressing axis with respect to the incident

electric field. The samples were obtained from the Ceradyne Corporation in the

18
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TABLE III

MEASURED ROOM TEMPERATURE DIELECTRIC PROPERTIES OF
HOT PRESSED BN AND BeO

35 GHz 94 GHz
Sample Density K Tan 6 K Tan 6

BN, Carborundum HP
(E field II to pressing
axis) 1.98 4.23 0.0023 4.20 0.0052

BN, Union Carbide HBC
(E field II to pressing
axis) 2.01 4.45 0.0006 4.48 0.0015

BeO, National Beryllia
K150 2.85 6.80 0.0010 6.75 0.0033

BeO, Ceradyne 418S 2.86 6.61 0.0012 6.70 0.0038

forms of precision centerless-ground 1" cylindrical rods ranging in diameter

from 0.020" to 0.060". An average of 3 to 5 samples at each diameter were used

to study the homogeneity in dielectric properties within each sample type. The

maximum variations observed for the dielectric constants and loss tangents were

respectively, t2% and 3% in k at 35 GHz and 94 GHz and *10% and t15% for the

loss tangent at 35 GHz and 94 GHz. The average values obtained for the various

samples at 35GHz are shown in Table IV.

As can be seen, there are considerable differences in the observed die-

lectric prcperties for samples with different composition. The dielectric con-

stant ranged from a low value of 8.12 for a 5% MgO sample to a high value of

9.66 for the 15% Y203 sample. The loss tangents showed differences of over an

order of magnitude between a 8% Y203 sample and the 15% Y203 sample. As expec-

ted, there is a correlation between sample density and dielectric constant,

while the loss tangents are generally smaller for samples having lower concen-

trations of sintering aids. In addition, both the dielectric constants and the

loss tangents are larger for a given sample with the electric field oriented

parallel to the pressing axis as compared with their values for the electric

field aligned perpendicular to the pressing axis.
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TABLE IV

MEASURED ROOM TEMPERATURE DIELECTRIC PROPERTIES OF HOT PRESSED
SILICON NITRIDE AT 35 GHz

Sample
Composition Designation Density K Tan 6 Remarks

1. 1% MgO 147A(3553-1) 3.18 8.25 0.0036 Tungsten carbide ball mill.

2. 1% MgO 147A(5354-1) 3.14 8.62 0.011 Tungsten carbide ball mill.

3. 5% MgO 147L(5456-2) 3.21 8.94 0.0078 B-Si3N4 used as starting
mat.

4. 5% MgO 147L(5456-1) 3.19 9.12 0.0147 O-Si3N4 used with different
processing.

5. 5% MgO 147E(5481-1) 3.13 8.12 0.0083 a-Si3N4 from different
supplier.

6. 8% Y203  147Y-1(3065) 3.21 8.59 0.0033 E field parallel to press-
ing axis field.

7. 8% Y203  147Y-1(3065) 3.23 8.29 0.0015 E field perpendicular to
pressing axis

8. 8% Y203  147Y-1(5156) 3.34 9.44 0.0107

9. 8% Y203  147Y-1(3964-2) 3.27 8.60 0.0057

10. 15% Y203  147Y(1846) 3.29 9.66 0.0195

All samples except (6) are with E field perpendicular to pressing axis.

The data obtained at 94 GHz for select samples are shown in Table V.

As in the previous cases for other materials, the primary difference between the

dielectric properties at 35 and 94 GHz is an increase in the loss tangent by a

factor of 2 to 3.
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TABLE V

MEASURED ROOM TEMPERATURE DIELECTRIC PROPERTIES OF HOT-PRESSED
SILICON NITRIDE AT 94 GHz

Sample
Composition Designation Density K tan 6

1. 1% MgO 147A(3553-1) 3.18 8.28 0.012

*2. 5% MgO 147L(5456-2) 3.21 9.01 0.024

3. 8% Y20 147Y-1(3065) 3.23 8.22 0.006

4. 15% Y203  147Y(1846) 3.29 9.70 0.064

All samples are with E field perpendicular to pressing axis.
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6.0 THERMAL CYCLING & MOISTURE TEST RESULTS

Two types of thermal cycling tests were carried out to determine

whether any non-reversible changes in the dielectric properties caused by ex-

posure of the samples to high temperature environments are present. In the

first case, the dielectric properties of the samples were measured at room tem-

perature. The samples were then removed from the measurement apparatus and

placed in an oven and heated to about I000°C for periods up to several hours.

The samples were then cooled to room temperature and their dielectric properties

remeasured and compared to the values initially obtained. In the second case,
the samples were mounted in the measurement apparatus and maintained under a
reducing atmosphere while the sample temperature was cycled by rapidly changing

the current flowing through the sample heating coil. An illustration of this

latter case is shown in Fig. 2 for a 0.030" beryllium oxide sample where the

cavity responses at room temperature are shown after the sample has been heated

to 710 0C and 11800C. The changes in the dielectric properties of the sample

were then determined by comparing these cavity responses with the responses

obtained initially before heating.

For the reference standards, i.e, high purity fused silica and single

crystal sapphire, the results obtained indicated that there were no measurable

changes in their dielectric properties due to thermal cycling at temperatures up

to the capability limits for the two methods used (1300'C in air and - 16000C in

the reducing atmosphere).

As indicated by Fig. 2, an initial thermal cycling for beryllium oxide

at 1180°C caused an increase in the dielectric constant by approximately 1 to

2%, while the dielectric loss remained essentially constant. Subsequent sample

heating to 11800C and cooling produced no further additional changes. In view

of the relatively small magnitude of this change, it is difficult to determine

its exact dependence on final sample temperature, but the result obtained for

heating to 710 0C indicated that the effect increases with temperature.
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Tests were carried out with both methods on hot-pressed silicon nitride

samples. Samples exposed to air and heated to 1300 0C in an oven for periods up

to one hour produced negligible changes in both the dielectric constant and the

loss tangent. On the other hand, rapid heating to 14000C and cooling to room

temperature in a reducing atmosphere caused a decrease in the observed

dielectric constant by abut 1 to 2%, while the loss tangent increased by

approximately 5%.

It is not possible at present to identify the mechanisms causing these

effects, but their magnitudes are of the same order as the observed variations

in room temperature dielectric properties for different samples of the same

material and composition, and are much smaller than the observed temperature

dependence of the dielectric properties. Consequently, they are not large

enough to be of significance in the det-.rmination of transmission properties for

these materials as a function of temperature.
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7.0 TEMPERATURE STUDIES

7.1 Reference Standards

The dielectric properties of Dynasil 4000 fused silica as a function of

temperature at 35 and 94 GHz are given in Tables VI and VII. The results ob-

tained at 35 GHz are in excellent agreement with the data previously reported by

Westphal.( 2 ) The dielectric constant increases slowly with temperature while

the loss tangent is essentially independent of temperature to within the quoted

experimental accuracy over the temperature range studied. Very similar be-

haviors are observed at 94 GHz, with the exception of the loss tangents being

approximately a factor of 2 larger at the higher frequency.

The dielectric properties of single crystal sapphire (Tyco Sapphicon)

as a function of temperature at 35 GHz and 94 GHz are shown in Figs. 5, 6, 7,

and 8. Both the dielectric constant and the loss tangent are strongly dependent

on temperature at the frequencies of observation. At 35 GHz, the increase in

dielectric constant at 1600 0C is approximately 20% while the corresponding

increase in the loss tangent is approximately a factor of 3. Variations of the

same order of magnitudes are observed at 94 GHz.

7.2 Hot-Pressed Boron Nitride and Beryllium Oxide

The results obtained for the dielectric properties of hot-pressed boron

nitride samples as a function of temperature at 35 GHz are shown in Figs. 9 and

10. Similar results for beryllium oxide samples are shown in Figs. 11 and 12.

The dielectric constants for boron nitride exhibit a relatively slow increase in

their values with increasing temperature. By contrast, an increase of approxi-

mately 30% is observed for the beryllium oxide samples from room temperature to

14000C. For both types of samples, there is a rapid increase in their loss

tangents at temperatures in excess of 1000 0C.

Similar behav'or in the dielectric properties for these samples is
observed at 94 GHz. These results are given in Figs. 13 and 14.
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TABLE VI

SUMMARY OF DIELECTRIC DATA FOR DYNASIL 4000 TAKEN AT 35 GHz

Current Result Westphal Data (35.1 - 37.3 GHz)
Loss Loss

Temperature K Tangent x 104 Temperature K Tangent x 104

25 3.82 (0.02) 4.0 (1) 23 3.82 (0.015) 3.5 (1)
100 (5) 3.82 3.5
200 (5) 3.84 3.0 195 3.84 3.0

300 (5) 3.85 3.0

400 (10) 3.87 3.0 403 3.86 3.0

600 (15) 3.88 3.0 610 3.87 2.0

800 (20) 3.90 3.0 807 3.89 2.0

1000 (40) 3.93 3.5 1003 3.92 3.0

1200 (50) 3.96 3.5 1205 3.95 3.0

1400 (50) 3.98 6.0 1408 4.01 4.0

1625 (60) 4.16 12.0 1650 4.14 10.0

Free Wave Results

25 3.83 (0.002) Less than 7.0

TABLE VII

SUMMARY OF DIELECTRIC DATA FOR DYNASIL 4000 TAKEN AT 94 GHz

Cavity Method Free Wave Method
Loss Loss

Temperature K Tangent K Tangent

25 3.78 (0.04) 0.0006 (2) 3.81 (0.04) Less than 0.001

100 (5) 3.78 0.0006

200 (5) 3.80 0.0005

300 (10) 3.82 0.0005

400 (10) 3.83 0.0005

600 (15) 3.86 0.0005

800 (25) 3.89 0.0007

1000 (50) 3.91 0.0008

1200 (80) 3.94 0.0009
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SCSI-12915
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Fig. 5 Measured dielectric constant of single crystal sapphire at 35 1z
(crystal axis 600 to E field).
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Fig. 6 Measured loss tangent of single crystal sapphire at 35 GHz.
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Fig. 7 Measured dielectric constants of reference standards at 94 GI~z.
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Fig. 8 Measured loss tangents of reference standards at 94 GHz.
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Fig 11Measured dielectric constant of berylliwin oxide at 35 GHz.
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Fig. 12 Measured loss tangent of beryllium oxide at 35 GHz.
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Fig. 13 Measured dielectric constants of samples at 94 GHz.
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A Fig. 14 Loss tangents of samples at 94 GHz.
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7.3 Hot-Pressed Silicon Nitride

The temperature dependence of the dielectric properties of hot-pressed

silicon nitride varied considerably as a function of composition. The results

at 35 GHz for samples with MgO at various concentrations added as sintering aids

are shown in Figs. 15 and 16. In general, both the dielectric constant and loss

tangent are smaller at lower MgO concentrations, with the 1% MgO sample

(Ceradyne Corporation 147-A-3553-1) showing the best dielectric properties in

terms of absolute magnitude as well as least variation as a function of

temperature.

The results obtained at 35 GHz for samples with Y203 added as the

sintering aid are shown in Figs. 17 and 18. As in the previous case, samples

with lower Y203 concentrations exhibit lower values of the dielectric constant

as well as loss tangent. In addition, measurements performed on the same sample

with the electric field aligned parallel and perpendicular to the sample

pressing axis indicate that the dielectric constant and loss tangent are less

for the perpendicular orientation. There is also considerable variation in the

loss tangent from sample to sample within a given sample type. As can be seen

in Fig. 18, the measured loss tangent as a function of temperature for the 8%

Y203 samples (Ceradyne Corporation, 147Y-1-3065) showed a difference by a factor

of 2 between an average sample and one showing the least absorptive loss over

the temperature range studied. The observed sharp increase in loss tangent at

temperatures above 800'C is common to all samples, as is the general shape of

the curve describing the increase in dielectric constant with temperature.

Results of measurements carried out at 94 GHz for the sample showing

the least absorptive loss are shown in Figs. 13 and 14. As can be seen, the

general behavior of the dielectric properties are similar to those observed at

35 GHz with the exception of the loss tangents being larger by a factor of 2 to

3 at temperatures below 800 0C and increasing to a factor of 4 at higher

temperatures.
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Fig. 15 Measured dielectric constant of hot-pressed silicon nitride (MgO as
sintering aid) at 35 GHz.
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Fig. 16 Measured loss tangent of' hot-pressed S13N4 (MgO as sintering aid) at
35 GHz.
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Fig. 17 Measured dielectric constant of hot-pressed S13N (Y203 as sintering
aid) at 35 G~z.
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Fig. 18 Measured loss tangent of hot-pressed silicon nitride (Y203 as sintering
aid) at 35 GHz.
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8.0 CONCLUSIONS

The experimental measurement methods developed for determining the
dielectric properties of solid samples at 35 and 94 GHz have been shown to be
capable of generating the necessary temperature data for evaluating transmission
properties of materials in millimeter wave radome applications. The measurement

systems have been calibrated with fused silica and single crystal sapphire whose
dielectric constant values span the range from 3.8 to 11.8. Experimental accu-
racy of better than 1% has been achieved over this range. Further verification

of the absolute accuracy of the results has been accomplished with independent
free-space transmission and reflection measurements. Loss tangent measurement

accuracy better than ±10% with a detection limit of 0.0001 at 35 GHz and 0.0003
at 94 GHz has also been achieved.

Experiments carried out on BN, BeO, and various SiAN samples indicated
that the measured dielectric constants for these materials are essentially f

independent of frequency between 35 and 94 GHz, whereas the loss tangents are

approximately a factor of 2 to 4 larger at 94 GHz as compared to 35 GHz. For
all samples studied, the dielectric constant was found to increase with tempera-
ture, with single crystal sapphire and beryllium oxide showing the largest in-
crease and fused silica and boron nitride showing the smallest increase. The
loss tangent of fused silica was found to be insensitive to temperature until
its softening point is approached. For all other samples, there is a sharp
increase in loss tangent values at temperatures higher than 800 - 10000C.

The dielectric properties of hot-pressed silicon nitride were found to
be strongly dependent on the composition and concentration of sintering aids.
In general, better properties in terms of lower absorptive loss are observed for
samples with lower concentrations of additives. Variations in dielectric
properties for a given stated composition can be substantial and are most likely
due to differences in the starting materials and the hot-pressing procedure
used. Comparison of the results obtained for different samples indicated that
the 8% Y203 samples (Ceradyne Corporation 147Y-1-3065) gave the best overall
properties in terms of lowest loss and least variation of dielectric constant
with temperature.
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Thermal cycling tests indicated that non-reversible changes in

dielectric properties with temperature could be present in ceramic materials but

the magnitude of these changes is not large enough to be of significance in the

determination of radome transmission properties for these materials. In

addition, exposure of samples to water produced no changes in their dielectric

properties once the surface water has been removed.

In terms of radome applications, the dielectric data obtained as a

function of temperature indicated that all of the candidate materials studied

have significant deficiencies at temperatures in excess of 10000C. Although the

boron nitride samples studied showed the best dielectric characteristics, their

loss tangents still exceed 0.01 at temperatures above 12000C. In addition,

their mechanical and thermostructural properties are sufficiently poor that

potential radome applications are limited to conditions where stresses and ero-

sions are modest. Both the single crystal sapphire (and hence alumina) and BeO

samples showed substantial variation of their dielectric constant with tempera-

ture, which make them unsuitable for radome applications over wide temperature

conditions. Hot-pressed silicon nitride samples possess the best mechanical and

thermostructural properties for high temperature radome applications. Their

transmission characteristics, as deduced from the measured dielectric proper-

ties, are such that their performance at temperatures near 10000C - 12000C are

unacceptable for most applications in excess of 1300°C. However, the results

obtained for samples of varying formulation and composition strongly suggest

that the observed dielectric properties are extrinsic to the material, i.e.,

primarily controlled by additives and impurities. It is, therefore, likely that

substantial improvements can be made in their millimeter wave transmission

properties if the materials parameters giving rise to the observed dielectric

properties can be optimized to give the best overall performance in terms of

mechanical and electromagnetic properties for specific radome applications.
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9.0 RECOMMENDATIONS

The excellent mechanical and thermostructural properties, as well as

ease of fabrication and relatively low cost, of hot-pressed silicon nitride

(HPSN) have made it a primary candidate in advanced millimeter wave radar window
applications for missile weapons systems where high temperatures caused by

aerodynamic heating are expected. For example, the 147Y-1 type HPSN (8% Y203)

samples (Ceradyne Corporation) studied in the current program have a mean

flexure strength of 90,000 to 100,000 psi at room temperature and 70,000 psi at

10000C, which is far superior to alternative radome materials. However, the
millimeter wave dielectric properties obtained in this study indicated that the

magnitudes of the increase in loss tangent and in the dielectric constant as a

function of temperature for this material would cause significant transmission
losses at high temperatures and, therefore, limit the usefulness of existing

commercially available HPSN materials, in most radome applications, to below

10000C. It is therefore highly desirable to identify the mechanisms controlling

the observed dielectric properties in HPSN so that its transmission properties
at high temperatures can be improved through optimization of materials and
process parameters.

The dielectric properties of HPSN and their changes with temperature
will affect the overall window transmission in several ways. An increase in the

loss tangent will cause attenuation through the window, whereas changes in

dielectric constant will result in mismatch of the window with the radar antenna

system, resulting in increased reflective losses and beam distortion. As an ex-

ample, if the thickness of a normal incidence HPSN radome is twice the half-

wavelength of the microwave radiation in the material, (thickness - 0.3 an at 35
GHz), the maximum allowable value for tan6 corresponding to a 10% transmission
loss is of the order of 0.01. Similarly, if the reflective losses are to be

kept below 10%, the dielectric constant cannot vary by more than 8% over the

desired operating temperature range. As the angle deviates from normal

incidence, the relatively large value for k in HPSN causes the transmission to
be strongly dependent on any changes in dielectric constant and, therefore, its

variation with temperature needs to be further minimized.
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The recent data obtained by Westphal( 4 ), at 24 GHz on ultra-pure chemi-

cal vapor deposited (CVD) silicon nitride samples produced by G.E., indicate

that the dielectric constant of these samples varies by less than 4% between 25

and 8000C, whereas the loss tangent was found to be below 0.0006 over the same

temperature range. However, the thermostructural properties of CVD silicon

nitride have not been fully established or optimized. In this respect, there

appears to be an urgent need for extensive characterization of these properties

for materials made by both CVD and HP methods so that their relative merits in

terms of dielectric and strength properties at high temperatures can be

compared.

The differences between the dielectric properties of CVD and hot-

pressed silicon nitride have not been quantified in regards to specific mecha-

nisms, but are most likely caused by composition variations, microstructural

properties, and impurities. Recent studies carried out at the Science Center by

F.F. Lange and D.R. Clarke( 5 ,6) on various hot-pressed silicon nitride samples,

using both MgO and Y203 as sintering aids, have indicated that, in addition to

crystalline secondary phases, a residual glassy phase containing significant

amounts of cation impurities are formed along the grain boundaries. The rela-

tively low softening temperature of this impure glass contributes substantially

to the degradation of mechanical properties of these samples at high temper-

ature. It has also been observed that the cation concentration in the glassy

phase can be reduced by exposure of the samples to oxygen at high temperatures.

Under these conditions, the composition of the material is altered by an outward

diffusion of cations and an inward diffusion of oxygen, and significant improve-

ments in high temperature mechanical properties of the bulk material have been

observed.

The presence of this glassy phase is likely to be the primary cause of

the observed variation of millimeter wave dielectric properties at high tempera-

tures, since it is expected that the dielectric constant and loss tangent of

glass containing high cation impurities will rapidly increase as the softening

temperature of the glass is approached. Consequently, if this can be demon-

strated by a series of experiments correlating the observed dielectric proper-

ties of these materials with the volume fraction of the glassy phase and the
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cation concentration, suitable fabrication processes can then be developed to

minimize these effects for improving the millimeter wave transmission properties

in these classes of materials. Aside from the previously mentioned oxidation

procedure for lowering the cation concentration, it may also be feasible to

reduce the presence of the glassy grain boundary phase itself by modifying the

conditions under which the hot-pressing process is carried out. For instance,

hot isostatic pressing techniques, whereby pressure in the region of 30,000 psi

is used to lower the required pressing temperature by several hundred degrees

centigrade, have been successfully utilized to prevent the formation of inter-

granular amorphous materials in iron-aluminum-silicon polyphase ceramics.

Similar approaches could also prove to be effective in minimizing the glassy

grain boundary phase in Si3N4 as well.

45
C3414A/jbs



p Rockwell International

Science Center

SC 5235.18FR

10.0 REFERENCES

1. W. Ho., High Temperature Millimeter Wave Characterization of the Dielectric

Properties of Advanced Window Materials," Technical Interim Report, AMMRC

Contract No. DAAG46-79-C-0077, SC5235.51RD, February 1981.

2. W.B. Westphal, "Dielectric Constant and Loss Data," Technical Report AFML-

74-250, Part I1, Air Force Materials Lab., Air Force Systems Command,

Wright-Patterson AFB, 1977.

3. W.B. Westphal and A. Sils, "Dielectric Constant and Loss Data," Technical

Report AFML-TR-72-39, Air Force Materials Laboratory, Air Force Systems

Command, Wright-Patterson AFB, 1972.

4. W.B. Westphal, private communication.

5. F.F. Lange, "Silicon Nitride Polyphase System: Fabrication, Microstructure,

and Properties," International Metals Review, Review 247, No. 1, 1980.

6. D.R. Clarke and F.F. Lange, "Oxidation of Si3N4 Alloys: Relation to Phase

Equilibria in System S13N4-SiO 2-MgO," J. Ceramic Society, 63, 586-592, 1980.

46
C3414A/jbs



DISTRIBUTION LIST
ROCKWELL INTERNATIONAL
Contract No. DAAG46-79-C-0077

Report No. TR 82-28

No. of Copies

Commander
US Army Materiel Development and Readiness Command
ATTN: DRCLDC, Office of Laboratory Management,

R. Gonano
5001 Eisenhower Avenue
Alexandria, VA 22333

~Ballistic Missile Defense Program Office
ATTN: DACS-BMT2

5001 Eisenhower Avenue
Alexandria, VA 22333

Director
Ballistic Missile Defense Advanced Technology Center
ATTN: W. Davis 1

J. Carlson 1
Col. J. W. Gillespie 1
D. Russ 1
D. Harmon 1
J. Papadopoulos 1
F. King 10

* E. Hughes 1
M. Whitfield 1

P. 0. Box 1500
Huntsville, AL 35807

Ballistic Missile Defense Systems Technology Program
ATTN: T. Perdue 1

* 3. Katechis 1

R. Buckelew 1
E. Martz 1

P.O. Box 1500
Huntsville, AL 35807

Commander
US Army Ballistic Missile Defense Systems Command
ATTN: N. J. Hurst1IC:: P.O. Box 1500Huntsville, AL 35807

Commander
US Army Missile Research and Development Command
ATTN: DRDMI-EAM, W. Patterson 1

DRDMI-EAM, P. Ormsby 1
Redstone Arsenal
Huntsville, AL 35809

a- - - -_ _ _



-2-

No. of Copies

Director
Defense Nuclear Agency

ATTN: SPAS, J. Slaughter
SPAS, J. Sommers

- Washington, DC 20305

Office of Deputy Under Secretary of Defense
for Research and Engineering (ET)

- ATTN: J. Persh, Staff Specialist for Materials
and Structures

The Pentagon, Room 3D1089
Washington, DC 20301

Office of Deputy Chief of Research Development
and Acquisition

-- ATTN: DAMA-CSS, J. Bryant
The Pentagon, Room 3D424
Washington, DC 20310

Commander
* -i Harry Diamond Laboratories

ATTN: DRXDO-NP, F. Wimenitz 1
DRXDO-NP, J. Gwaltnev 1

2600 Powder Mill Road
Adelphi, MD 20783

Commander
Air Force Flight Dynamics Laboratory
ATTN: AFFDL/FBC, H. A. Wood
Wright-Patterson Air Force Base, OH 45433

Commander
US Army Combat Development Command
Institute of Nuclear Studies
ATTN: Technical Library
Fort Bliss, TX 79916

Commander
AFWAL Materials Laboratory
Air Force Systems Command
ATTN: W. Kessler

D. Schmidt
D. Evans

Wright-Patterson Air Force Base, OH 45433

. .. . .



-3-

No. of Copies

Commander
Space Division
ATTN: SD/YLXT, Lt. Col. Harry L. Staubs 1
Los Angeles Air Force Station
Box 92960
Worldway Postal Center
Los Angeles, CA 90009

ACommander
BMO/ABRES Office
ATTN: 3MO/MNRT, Col. R. Smith 1

BMO/MNRTE, Capt. G. Wendt 1
BMO/MNRTE, Maj. K. Yelmgren 1

Norton Air Force Base, CA 92409

Commander
Naval Sea Systems Command
ATTN: ORD-03331, M. Kinna 1
Washington, DC 20360

Commander
Naval Surface Weapons Center
ATTN: W. Carson Lyons 1

W. Messick 1
C. Rowe 1

Silver Springs, M 20910

Sandia Laboratories
ATTN: J. K. Cole 1
P.O. Box 5800
Albuquerque, NM 87115

Aerospace Corporation
ATTN: W. Riley 1

R. Cooper 1
R. Meyers 1

P.O. Box 92957
Los Angeles, CA 90009

AVCO Systems Division
5ATTN: P. G. Rolnck

CoumH. Hoercher
i 201 Lowell Street

Wilmington, MA 01887

,_ :.Battelle Columbus Laboratories
ATTN: E. Foster
505 King Avenue

. Columbus, OH 43201



No. of Copies

Boeing Aerospace Company
ATTN: M. Kushner
P.O. Box 3999
Seattle, WA 98124

Celanese Corporation
ATTN: Howard S. Kliger 1
Morris Court
Summit, NJ 07901

DWA Composite Specialties, Inc.
ATTN: J. F. Dolowy, Jr. 1
21119 Superior Street
Chatsvorth, CA 91311

Effects Technology, Inc.
ATTN: R. Wengler 1

2 5383 J. Green 15383 Hollister Avenue

Santa Barbara, CA 93111

Fiber Materials, Inc.
ATTN: R. Burns 1

L. Lander 1
G. Williams 1

Biddeford Industrial Park
Biddeford, ME 04005

Ceradyne, Inc.
'*i ATTN: J. Moskowitz
j.. 3030-A South Red Hill Avenue

Santa Aria, CA 92705

General Dynamics Corporation
Convair Division
ATTN: J. Hertz
5001 Kearny Villa Road
San Diego, CA 92138

General Electric Company
Advanced Materials Development Laboratory
ATTN: B. McGuire 1

K. Hall, Room 4466
P. Gorsuch, Room 4466 1
J. Brazel, Room 4466 1

3198 Chestnut Street
Philadelphia, PA 19101



-5-

No. of Copies

Hughes Aircraft Company
ATTN: R. W. Jones1
Centinela and Teal. Street.
Culver City, CA 90230

* Lockheed Corporation
ATTN: Dr. M. A. Steinberg1
Bldg. 61, Dept. 03/10
P.O. Box 551

- Burbank, CA 91520

Lockheed Missile. and Space Company
Palo Alto Research Laboratory
ATTN: E. C. Burke1

D. Aspinwall1
Bldg. 201, Dept. 5230
3251 Hanover Street

( Palo Alto, CA 94304

Lockheed Missiles and Space Company
ATTN: P. G. Sullivan1

A. Ifietz1
A. Johnson1

P.O. Box 504
Sunnyvale, CA 94088

Martin Marietta Corporation
ATTN: R. Dowd1

D. Easter1
3. Madden1
V. Hewitt1
W. Spencer1
KC. Hansen1

P. 0. Box 5837
Orlando, FL 32805

Material Concepts, Inc.
ATTN: S. Paprocki.
2747 Harrison Road
Columbus, OH 43204

McDonnell Douglas Astronautics Company1
ATTN D.Jamtaas1

J. Wall1
J. Ditto1
L. Cohen 1
B. Leonard 1

Huntington Beach, CA 92647



-6-

No. of Copies

New Technology, Inc.
ATTN: B. Neuffer
Research Park
P.O. Box 5245
Huntsville, AL 38505

Prototype Development Associates
ATTN: J. Schutzler1

J. Stetson
1740 Gary Avenue, Suite 201
Santa Ana, CA 92705

R&D Associates
ATTN: A. Field
P.O. Box 9695
Marina del Ray, CA 90291

Science Applications, Inc.( ATTN: I. Osofsky
-_.: One Continental Plaza, Suite 310

101 Continental Blvd.
El Segundo, CA 90245

Southwest Research Institute
ATTN: A. Wenzel 1
8500 Culebra Road

-. San Antonio, TX 78206

Terra Tek, Inc.
ATTN: A. H. Jones
University Research Park./ 420 Wakara Way
Salt Lake City, UT 84108

TRW Defense and Space Systems
ATTN: L. Berger
P.O. Box 1310
San Bernardino, CA 92402

University of California
Lawrence Livermore National Laboratories(ATTN~: T. T. Chiao1

E. M. Wu 1
P.O. Box 808
Livermore, CA 94550

ibu&



-7-

Defense Documentation 
Center

Cameron Station, Bldg. 5

5010 Duke Street

Alexandria, VA 22314

Director
Army Materials and Mechanics Research Center

ATTN: DRxIR-B, J. F. Dignam
DRX!!R-B, L. R. Aronin 1

DRXOR-B, S. C. Chou 
1

DR• IR-K 1

DpXRM-PL 2

DRXMR-PR

Watertown, MA 02172

I

.{ i



Rockwell International
Science Cflbtr

HI

2- T- S -
*Ami-V isa..

W d ISE
A

~~ hibI 1. I I jpa5i-&;I
-. Iw - i

fir v Ll
Li -!~; u-~

li S -w#juI - ai u~~j

b. Ia*

~ I ~'WI
~ ;ISe

p -
it it.. I



j Rockwell International
Science Ceniter+°,l

GA 4

... . .I =11A

3 0 ri ,!

'i ~4k -Zl E-, .o . -. OWZ"i''l' . t - t i  ,, 1l;l"I t'i!-
M- .t -j

f-f

" l ; l~!.l tC ill

F~ T

g~ S

A S

:" iji'" " "*t

Aiii:i v *

40 0

l -" , vI I I

.3-M

I iiN va "il if %,j Illi. - - -cEI I" * *..;

t' "! i I ii:- 'i .i ,

l ,, ~- - e 6,,,i.

l~ii zz," -- l-- _ _ _ _ _ _i!:


